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ABSTRACT
A hydrochloric acid in-bottle digestion procedure is used to partially digest wholewater samples prior to determining recoverable elements by various analytical methods. The use of hydrochloric acid is problematic for some methods of analysis because of spectral interference. The inbottle digestion procedure has been modified to eliminate such interference by using nitric acid instead of hydrochloric acid in the digestion. Implications of this modification are evaluated by comparing results for a series of synthetic whole-water samples. Results are also compared with those obtained by using U.S. Environmental Protection Agency (1994) (USEPA) Method 200.2 total-recoverable digestion procedure. Percentage yields that use the nitric acid inbottle digestion procedure are within 10 percent of the hydrochloric acid in-bottle yields for 25 of the 26 elements determined in two of the three synthetic whole-water samples tested. Differences in percentage yields for the third synthetic whole-water sample were greater than 10 percent for 16 of the 26 elements determined. The USEPA method was the most rigorous for solubilizing elements from particulate matter in all three synthetic whole-water samples. Nevertheless, the variability in the percentage yield by using the USEPA digestion procedure was generally greater than the in-bottle digestion procedure, presumably because of the difficulty in controlling the digestion conditions accurately.
INTRODUCTION
The U.S. Geological Survey (USGS) National Water Quality Laboratory (NWQL) has been using the hydrochloric acid (HCl) inbottle digestion procedure described by Hoffman and others (1996) since 1992. New analytical methods that expand the scope of elemental determinations, such as inductively coupled plasma-mass spectrometry (ICP-MS), have been developed that are adversely affected by the presence of HCl in the in-bottle digestate.
Implementation of newer methods for the determination of elements in whole-water samples, therefore, requires modification of the in-bottle procedure. The proposed modification involves using nitric acid (HNO 3 ) instead of HCl for the in-bottle digestion. The bias and variability of such a modification were determined by digesting three synthetic wholewater samples by the HCl and the HNO 3 inbottle procedures. Replicate samples were also digested using U.S. Environmental Protection Agency (1994) The objectives of this report are as follows:
• To describe the HNO 3 in-bottle digestion procedure.
• To establish the bias and variability of the HNO 3 in-bottle digestion procedure.
• To discuss the advantages and disadvantages of using the HNO 3 in-bottle digestion procedure.
The subject method was developed by the USGS for use at the NWQL. This method supplements other official USGS inorganic methods (Fishman and Friedman, 1989; Fishman, 1993) .
ANALYTICAL METHOD
Metals, Extraction Procedure, Acid Digestion, Whole-Water Recoverable, I-3487-98
Application
This method was developed to digest whole-water samples by using an HNO 3 inbottle procedure to determine the elements listed in table 1.
Summary of Method
Hoffman and others (1996) have previously described an HCl in-bottle digestion procedure. The HNO 3 in-bottle procedure requires minor modifications to the HCl in-bottle procedure as outlined in section 6. After the preparatory procedure, the digestate can be analyzed by using any of the methods listed in table 1. Details of these analytical methods can be obtained in Fishman (1993) , Fishman and Friedman (1989) , Garbarino and Struzeski (1998) , and Jones and Garbarino (1999).
Interferences
There are no known interferences associated with procedures described in this report. 5.3 0.1N HNO 3 is prepared by adding 6.4 mL of acceptable concentrated nitric acid to 500 mL of water and dilute to 1L with water.
Apparatus and Materials

Nitric Acid In-Bottle Digestion Procedure
Unfiltered, acidified (also known as raw acidified, RA) samples are digested by using the following procedure:
6.1 Weigh the sample bottle, cap, and contents to determine the gross weight.
6.2 Subtract the average weight of an identical size capped bottle to estimate the volume of the sample.
6.3 Add 1.6 mL of concentrated HNO 3 for every 50 mL (or about 3 percent by volume) of sample.
6.4 Recap the bottle and shake vigorously.
NOTE 1: Prepare a reagent blank and a synthetic whole-water sample with each set of samples digested (see sections 6.1-6.4). 6.5 Place the capped sample bottles in a 65°C oven and heat the samples for 8 hours. Heating time includes the time required for the samples to reach oven temperature.
Preparation for filtering sample digestate
6.6.1 Open the sealed disposable filter funnels inside the clean bench and place in the filter-funnel rack. 6.6.2 Rinse each funnel by rapidly filling with 250 mL of 0.1N HNO 3 ; repeat rinsing with another 250 mL of 0.1N HNO 3 .
6.6.3 Similarly rinse each funnel three times with water. Allow the funnels to drain completely between each rinse. 6.7 Sample digestate filtration 6.7.1 Place a clean, empty, acid-rinsed and labeled bottle under each funnel. 6.7.2 Vigorously shake the sample bottle containing digestate after it has been removed from the oven. Let stand for 30 minutes, and filter aliquots of the digestate by using the filter funnel.
6.7.3 Discard unfiltered digestate. Rinse the original sample bottle twice with water and dispose of the rinse into a suitable container clearly labeled as acid waste.
6.7.4 Transfer filtrate (see section 6.7.2) into its original sample bottle and seal with a new, clear cap.
6.7.5 Use aliquots of this filtered solution to determine wholewater recoverable elemental concentrations by the appropriate analytical methods.
NOTE 2:
Filtration of 100 percent of the digestate volume is not required if the sample bottles are shaken vigorously after removal from the oven. At least 75 percent of the sample must be filtered to ensure sufficient volume for multiple analyses.
NOTE 3:
If a filter becomes plugged during filtration, replace it with a rinsed filter funnel and continue the filtration.
Calculations
No calculations are required.
Reporting Results
Whole-water recoverable concentrations are reported in micrograms per liter to the number of significant figures outlined in the analytical method being used for quantitation.
DISCUSSION OF RESULTS
Currently (1999), selected USGS methods are used to analyze the HCl inbottle digestate. However, new methods that expand the scope of elemental determinations that are adversely affected by the presence of HCl in the in-bottle digestate have been developed. It is advantageous to have one in-bottle digestion procedure that is compatible with all the USGS methods used to determine the elements listed in table 1. Such a procedure is the HNO 3 inbottle digestion. Its digestate is entirely compatible with all whole-water recoverable methods because HNO 3 does not cause spectral interferences. The extraction efficiency of HNO 3 , however, is most likely different from that of HCl. All the digestion methods tested in this report are procedural and use different acids, acid concentrations, and methods of heating. For example, the USEPA procedure refluxes the digestate, whereas the in-bottle procedures do not.
The bias and variability associated with the HNO 3 in-bottle digestion procedure were determined by using results obtained for synthetic whole-water samples that were made from reference sediment. Synthetic whole-water samples are used as benchmarks in this study, as in the study by Hoffman and others (1996) , because they are based on readily available certified reference materials and because the mixtures can be accurately reproduced.
The synthetic whole-water samples were prepared by weighing 200 to 600 mg of the National Institute of Standards and Technology (NIST) Standard Reference Material (SRM) 2704 Buffalo River Sediment, 1645 Riverine Sediment, or 1646 Estuarine Sediment into 200 to 500 mL of 0.1N HNO 3 . Following preparation, the synthetic whole-water samples were shaken and allowed to stand at room temperature for about 3 days to simulate actual whole-water samples that are collected and acidified on-site. Four samples of each synthetic whole water were digested using the HCl in-bottle procedure (Hoffman and others, 1996) , the HNO 3 in-bottle procedure, and the USEPA procedure. Aluminum, antimony, arsenic, barium, beryllium, boron, cadmium, chromium, cobalt, copper, iron, lead, lithium, manganese, molybdenum, nickel, selenium, silver, strontium, thallium, uranium, vanadium, and zinc were determined in every synthetic whole-water digestate by ICP-MS. Calcium, iron, magnesium, silica (SiO 2 ), and sodium were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES). Potassium was determined by using flame-atomic absorption spectrophotometry (F-AAS). Aliquots of each HCl in-bottle and USEPA digestate were processed before ICP-MS analysis to remove chloride by using the procedure described in the Appendix of this report.
Elemental concentrations from ICP-AES, ICP-MS, and F-AAS for all synthetic whole-water digestates are listed in tables 2 through 4 with corresponding percentage yields listed in tables 5 through 7. Percentage yield was calculated from the concentration results by using equation 1. (1) where C S is the elemental concentration (in micrograms per liter) in the digestate, V S is the total volume (in liters) used to prepare the synthetic whole-water sample, C R is the elemental concentration in the reference sediment (in micrograms per gram), and W R is the weight of reference sediment (in grams) used to prepare the synthetic wholewater sample. Percentage yields listed in tables 5 through 7 are also plotted in figure 1. For some elements (for example, boron and silver), yields could not be calculated because elemental concentrations in the reference sediment were not reported. In these cases, the digestate concentrations can be used to compare different digest procedures.
Linear regression analysis and statistical tests were used to establish the bias and variability of the HNO 3 in-bottle procedure. All the mean percentage yields listed in tables 5 through 7, regardless of the element or method of analysis, were treated as a single data set for a given synthetic whole-water sample. Statistical results are listed in table 8 and the regression lines are shown in figures 2 through 4.
Because the yield data range over a wide percentage, the authors used linear regression analysis to calculate the slope, yintercept, and coefficient of determination (R 2 ) for the equation describing the relation between percentage yield from the HNO 3 inbottle digestion to the HCl in-bottle digestion. A slope coefficient of one and a yintercept of zero indicate exact correlation.
The corresponding p-values indicate the degree of confidence in each coefficient. For additional confirmation, the OneSample Sign Test or the Student t-Test, depending on whether the data set was normally distributed with equal variance, was used to test the null hypothesis. The null hypothesis tested whether the percentage yields for the HNO 3 in-bottle digestion are significantly different than the percentage yields for the HCl inbottle digestion. The p-values were calculated for each synthetic wholewater sample to provide a level of confidence in accepting the null hypothesis. The larger the p-value the greater the confidence in accepting the null hypothesis. When the p-value exceeds 0.05, the null hypothesis is acceptable at the 95-percent confidence level.
Slope coefficients indicate that the HNO 3 in-bottle procedure provides percentage yields that are 5 to 20 percent lower than the HCl in-bottle procedure, depending on the type of synthetic wholewater sample (see table 8 ). For every synthetic whole-water sample tested, most elemental results are highly correlated and within the 95-percent confidence limit (see figs. 2-4). The One-Sample Sign Test or the Student t-Test results shown in table 8 indicate that there is a statistically significant difference (p-value less than 0.05) between percentage yields, depending on the acid used for the in-bottle digestion.
Percentage yields for the Buffalo River Sediment synthetic whole-water sample indicated that the difference between the HCl and HNO 3 in-bottle procedures is less than 10 percent for all the elements except for selenium ( fig. 1 ). All elemental percentage yields for the Estuarine Sediment synthetic whole-water samples are within 10 percent of the HCl in-bottle yields. In contrast, the HNO 3 in-bottle yields for the Riverine Sediment synthetic whole-water samples are 11 to 30 percent lower than for the HCl in-bottle results for 16 of the 26 elements determined. Such differences underscore the dependence of percentage yield on sediment composition.
For most elements, the USEPA digestion procedure provided higher percentage yields than both in-bottle procedures. The USEPA percentage yields, however, are also dependent on the composition of the whole-water matrix.
The higher yields primarily are related to differences in the digestion procedure. Samples are heated at 85°C until the solution is reduced by 80 percent. The remaining solution is covered and refluxed at the same temperature for 30 minutes, diluted to volume, and analyzed. The increases in acid concentration and temperature during the reflux step enhance dissolution of refractory elements compared to the in-bottle digestion procedures.
The variability in both in-bottle digestion procedures was similar. Variability for the HNO 3 in-bottle procedure ranged from 0.1 to 8 Table 6 . Percentage yield for a synthetic whole-water sample made from National Institute of Standards and Technology Standard Reference Material 1645, Riverine Sediment, using various digestion procedures [HCl, hydrochloric acid (HCl) in-bottle digestion with or without the HCl removed by evaporation; USEPA, U.S. Environmental Protection Agency's digestion procedure with or without the HCl removed by evaporation; HNO 3 , nitric acid in-bottle digestion; ±, plus or minus; nd, not detected, less than the method detection limit; the number following the ± is the standard deviation of four percent for four replicate digestions of all three synthetic whole-water samples. By comparison, the variability in results with similar percentage yield is greater for selected elements when using the USEPA procedure. This increase in variability is caused by the difficulty in controlling digestate volumes and heating conditions during the refluxing step.
Elements that are most likely to be adsorbed to the particulate coatings, for example, cadmium, cobalt, copper, lead, manganese, and nickel, give higher percentage yields. Elements that predominately compose the sediment's mineral substrate, such as aluminum, iron, potassium, silica, and sodium, give much lower percentage yields.
An anomaly was also identified when comparing whole-water recoverable arsenic results from HG-AAS to those from ICP-MS. Arsenic results from HG-AAS were 20 to 50 percent lower for all synthetic whole-water digestates reported here. In addition, arsenic results for USGS Standard Reference Water Sample WW-1, a synthetic whole-water standard, averaged 5±1 µg/L for four determinations as compared to the published most probable value of 20 µg/L (the ICP-MS yielded 18.13±0.09 µg/L). The HG-AAS concentrations are most likely lower because particulate material might settle out in the sample tube before sample introduction. This settling effect is worsened for the synthetic whole-water samples because they have sediment concentrations that are greater than those normally present in natural-water samples submitted to NWQL.
CONCLUSIONS
The advantages and disadvantage of using HNO 3 instead of HCl for the in-bottle digestion are summarized below.
Advantages of using the HNO 3 in-bottle digestion procedure:
• The digestate is compatible with all current (1999) USGS analytical methods used to determine aluminum, antimony, arsenic, barium, beryllium, boron, cadmium, calcium, chromium, cobalt, copper, iron, lead, lithium, magnesium, manganese, molybdenum, nickel, potassium, selenium, silica, silver, sodium, strontium, thallium, uranium, vanadium , and zinc.
• The variability of 0.1 to 8 percent is comparable to the HCl in-bottle digestion procedure. procedures for synthetic whole-water samples prepared using Buffalo River (BR), Riverine (RS), and Estuarine (ES) Sediments. procedures for synthetic whole-water samples prepared using Buffalo River (BR), Riverine (RS), and Estuarine (ES) Sediments-Continued. procedures for synthetic whole-water samples prepared using Buffalo River (BR), Riverine (RS), and Estuarine (ES) Sediments-Continued. procedures for synthetic whole-water samples prepared using Buffalo River (BR), Riverine (RS), and Estuarine (ES) Sediments-Continued.
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• The procedure uses less chemical reagents and, therefore, produces less chemical waste for some analytical methods.
• Interferences from chloride are reduced.
Disadvantage of using the HNO 3 in-bottle digestion procedure:
• Results from the synthetic whole-water samples indicate that the HNO 3 inbottle procedure might give negatively biased recoverable concentrations relative to the HCl inbottle procedure. Recoverable concentrations are dependent on the composition of the particulate matter in the whole-water sample regardless of the digestion procedure used.
The three acid-digestion procedures tested do not completely solubilize all elements that were determined. If a total (100 percent) digestion is required for any element in a whole-water sample, then it can be argued that none of these methods will be satisfactory. However, if a recoverable elemental concentration (less than 100 percent) is acceptable for a whole-water sample, then the reproducibility of the digestion procedure should be the primary concern. Both the HCl and HNO 3 in-bottle digestion procedures give excellent reproducibility for all elements determined. Therefore, the simplicity of the digestion procedure should be the primary reason for the method selected. Newer methods that analyze the digestate from the HCl in-bottle digestion procedure may require additional steps (for example, removal of HCl and the reconstitution of the residue) to eliminate interferences. Such steps increase the analysis time and chances for contamination. The HNO 3 in-bottle digestion is the preferred method for routine use at the NWQL. Nevertheless, the original HCl inbottle digestion procedure can be used if customers require this acid-digestion procedure. Garbarino, J.R., and Struzeski, T.M., 1998, Methods of analysis by the U.S. Geological Survey National Water Quality Laboratory-Determination of elements in whole-water digests using inductively coupled plasma-optical emission spectrometry and inductively coupled plasma-mass spectrometry: U. 
APPENDIX
The presence of chloride in the HCl in-bottle and the USEPA digestates interferes with the determination of ambient concentrations of arsenic and vanadium by ICP-MS and selenium by GF-AAS. Therefore, prior to comparing the results of the HCl and HNO 3 in-bottle digestion procedures, it was necessary to remove chloride from the HCl in-bottle digestates. The method used is outlined here.
Subboiling Evaporation Procedure
